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Molecular imaging serves as an important tool for researchers and clinicians to visualize and              
investigate complex biochemical phenomena using specialized instruments; these instruments         
are either used individually or in combination with targeted imaging agents to obtain images              
related to specific diseases with high sensitivity, specificity, and signal-to-noise ratios.           
Molecular imaging modalities, positron emission tomography (PET), single photon emission          
tomography (SPECT), magnetic resonance imaging (MRI) and ultrasound imaging (UI) are           
popular for molecular imaging of kidney and playing a vital role for research, diagnosis and               
management of kidney disease. Tomographic spatial resolution of PET, which is similar to             
the thickness of the renal cortex, along with its efficient attenuation correction, scatter             
correction and image reconstruction process makes it an excellent imaging modality not only             
for straightforward quantification of renal blood flow and glomerular filtration rate but also             
for quantitative imaging of molecular targets. Therefore , PET is a highly potential imaging              
modality for molecular imaging research and application in kidney diseases diagnosis. Renal            
blood flow measurement is a widely used indicator for the diagnosis of various kidney              
diseases and parametric maps of blood flow kinetics enabling clinicians to study intra-organ             
differences in perfusion as opposed to overall organ blood flow. Mapping of local blood flow               
with H​2​15​O and PET has been validated in kidney and in other organs, suggesting H​2​15​O is the                 
most suitable radiotracer for measuring local blood flow with PET. Furthermore, image            
statistics are frequently used for functional and molecular imaging research in which images             
from a patient group with a specific diagnosis are compared with images from a healthy               
control group who have been matched for demographic variables. The success of image             
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statistics for brain imaging has encouraged us to develop a method for obtaining             
volumetrically normalized kidney to perform image statistics so that we can locally visualize             
the statistical significant difference certain groups renal molecular image. 
For the development of this evolutionary process we first volumetrically normalized all            
subjects’, which include healthy control (HC) and chronic renal failure (CRF) patients, ​15​O             
water PET image with respect to one HC subject's MRI image using affine transformation.              
Then ​15​O kinetic parametric images of normalized kidneys were obtained through the basis             
function method. Finally, the statistical map of these parametric images were produced using             
the threshold-free cluster enhancement based permutation method. 
Kinetic parameters of kidney namely, uptake rate constant (K​1​), clearance rate constant (k​2​)             
and blood volume (V​a​), were found to be notably lower in CRF than those of in HC and k​2                   
parameter was found to be more stable compared to K​1 and V​a​. The statistical map of these                 
parametric images allowed us to visualize local significant differences statistically (P<0.05)           
between HC and CRF groups in different experimental conditions.  
Though PET and MRI techniques have enormous potentiality for functional and molecular            
imaging of kidney, these are, at best, in experimental level. It is speculated that statistical               
mapping of kidney could play a significant role in the success of functional and molecular               
kidney imaging. However, more research involving a larger sample size and improved            
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1.1 Molecular Imaging 
Molecular imaging (MI) is the visualization, characterization, and measurement of biological           
processes at the molecular and cellular levels in humans and other living systems [1]​. These               
physiological/molecular information are acquired in vivo using electromagnetic waves         
(X-rays, gamma rays, visible light, radio-waves, etc) and mechanical waves (ultrasound)           
though several imaging modalities. Among these imaging techniques computed tomography          
(CT) uses X-ray, positron emission tomography (PET) and single photon emission           
tomography (SPECT) use gamma ray, while magnetic resonance imaging (MRI) and           
ultrasound imaging (USG) use magnetic field and sound-wave, respectively. Some are good            
in producing structural/anatomical images whereas some are good in producing functional           
images. For example, CT and strual MRI provides structural information at high resolution,             
on the other hand, PET or SPECT provides biological information with a radiolabeled             
chemical compound. ​Therefore, sometimes hybrid imaging techniques like, SPECT-CT,         
PET-CT, PET-MRI are complementary to each other. MI is immensely promising in the             
areas of diagnostics, therapy monitoring, drug discovery and development, and understanding           
nanoscale reactions such as protein-protein interactions and enzymatic conversion[2].  
1.2 Molecule imaging modalities 
Using MI instruments, such as PET, SPECT, MRI, PET-CT, SPECT-CT, PET-MRI,           
Ultrasound, NIRS, etc, (Figure-1.1) MI researchers and clinicians visualize and investigate           
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complex biological phenomena at molecular and cellular levels. These instruments are used            
solely or in combination with targeted imaging agents to detect biomarkers or biochemical             
and cellular processes targeting to obtain high sensitivity, specificity and signal-to-noise ratio            
imaging of disease [3]. MI modalities produces a variety of data which includes complex              
images of the subjects used for investigation. MI study related data are a great resource for                
understanding biological phenomena, identify regions of pathology, and provide insight          
regarding the mechanisms of disease. As these imaging techniques are non-invasive and can             
provide in-vivo measurements of the biological properties of human tissue and other living             
systems that can be monitored over time, they provide a major advantage over other              
diagnostic techniques. Imaging introduce a major breakthrough in the quality of patient care             
and research in many fields of medicine including, but not limited to, oncology, cardiology              
and cognitive sciences. Imaging through such technical innovations has achieved increased           








Figure-1.1 MI modalities used in both research and clinical purpose to obtain biological             
information in various species, which produce huge informative data with images of different             
types and formats. Legends: Positron Emission Tomography (PET), Single Photon Emission           
Tomography (SPECT), Computed Tomography (CT), Magnetic Resonance Imaging (MRI). 
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18 
1.3 Molecular Imaging of Kidney 
Molecular imaging is playing a vital role in research, diagnosis and management of kidney              
disease. Noninvasive imaging modalities like PET, SPECT, MRI and USG are popular for             
obtaining the molecular image of kidney. Among them SPECT has widely been used             
clinically to determine the symmetry of the disease and provide information on kidney size              
and overall perfusion [4]. However, intra-renal flow distribution cannot be determined by            
SPECT. Fortunately, tomographic spatial resolution of PET, which is similar to the thickness             
of the renal cortex, along with its efficient attenuation correction, scatter correction and image              
reconstruction process makes it an excellent imaging modality not only for straightforward            
quantification of renal blood flow and glomerular filtration rate but also for quantitative             
imaging of molecular targets [5]. In the physiology of the kidney, renal blood flow (RBF) is                
the volume of blood delivered to the kidneys per unit time. In humans, the kidneys together                
receive roughly 25% of cardiac output, amounting to 1.1 L/min in a 70-kg adult male.               
Reduction in RBF is commonly detected in patients with ischemic acute kidney injury (AKI),              
renal artery stenosis, obstructive nephropathy, or decreased mean arterial blood pressure [6].            
RBF measurement with PET offers prospective applications in renovascular disease, in           
rejection or acute tubular necrosis of transplanted organs, in drug-induced nephropathies,           
ureteral obstruction, before and after revascularization, and before and after placement of            
ureteral stents [5].  
1.4 Motivation  
Despite the enormous opportunities of non-invasive molecular imaging of kidney with           
SPECT, PET, MRI, USG, none of these modalities can be a stand alone imaging tool in                
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kidney imaging because each of them have some advantages and limitations. Although            
among them PET has a wide range of potentiality in kindy imaging nevertheless, one of the                
hurdles to make successful application of these molecular imaging techniques in kidney            
imaging is to develop faster, robust and automated image analysis system. Since, image             
analysis system namely, statistical mapping, has widely been used for both clinical and             
research applications in molecular brain imaging, we have set up our goal for the              
evolutionary approach to develop statistical map for molecular imaging of kidney so that it              
can be used with different kinds of MI modalities especially with PET, MRI and SPECT. 
1.5 Structure of the thesis  
This thesis mainly describe the development process of the statistical map for the molecular              
image of kidney and associated topics like, molecular imaging in brief, the basics of              
statistical map, MRI and PET imaging basics, molecular imaging of kidney and statistical             
mapping of [​15​O] water PET image of kidney. ​In addition, to face the challenges in MI                
research and imaging informatics such as, integration of imaging informatics with           
bioinformatics and medical informatics, quality control of imaging facilities, data sharing,           
transparency and knowledge management, etc [7], we have developed an ​online molecular            
imaging repository and image analysis (MIRA) system which has been used to effectively             
manage this kidney image analysis project along with other MI research projects. The             
development process and of this MI research tool is discussed in appendix-1. 
The chapter by chapter structure is as follows:  
Chapter-1 presents the molecular imaging basics including the techniques used for molecular            
imaging and their comparative features. It also introduces the opportunities and challenges            
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associated with the molecular imaging of kidney which motivated us for the development of              
MI statistical map for kidney.  
 
Chapter-2 describes the basics of MRI in brief and PET and its associated technical details.               
This chapter also introduces quantitative analytical procedures with PET imaging and the            
details of the basis function method (BFM)  
 
Chapter-3 introduces the statistical mapping which includes the basics of parametric and            
non-parametric statistical mapping, randomization or permutation technique for the         
development of statistical map and some advanced topics like, family wise error rate (FWER)              
in multiple comparison and the threshold free cluster enhancement (TFCE) procedure.  
 
Chapter-4 presents the background, objectives, materials and procedures for the development           
of statistical map kidney using [​15​O] water PET images. It also describes its associated              
results and discussion.  
 
Chapter-5 the future direction of the study and conclusion of statistical mapping is discussed              





Chapter-2: MRI and PET 
Among the numerous MI modalities our study usages PET and MRI, where MRI is used to                
obtain the anatomical image from one of the healthy controls to be used as the reference                
and/or template image whereas PET has been used to gather molecular images which are the               
center of attention of the study. Therefore, this chapter introduces MRI in brief and PET in                
details. 
2.1 Magnetic resonance imaging (MRI) 
Nuclear particles (neutrons and protons) have angular momentum because of their constant            
motion and spin about their axes. The net angular momentum of a nucleus or atom is zero if it                   
contains the same number of protons and neutrons, whereas if the number of protons and               
neutrons are not equal in the nucleus the atom possesses a net angular momentum. Such an                
atom also possesses a magnetic moment because of the mass, spin and charge of protons. The                
gyromagnetic ratio, which is the ratio of angular momentum to magnetic momentum, is             
unique for each magnetically active nucleus. When a subject containing nuclei with such             
magnetic properties, e.g. human body having large amount of ​1​H magnetically active nuclei,             
brough under the influence of a large external field, e.g. an MRI machine, the nuclei acts like                 
a magnetic dipole and tends to align either parallel or antiparallel to the direction of the                
applied external magnetic field. Very small signal generated from the net difference between             
parallel and antiparallel alignment of the dipole moments is used in MRI. As a result MRI has                 
poor sensitivity (∼10​−3​-10​−5 M), which is orders of magnitude lower than that of radionuclide              
(10​−10​-10​−12​) and optical (∼10​−9​-10​−16​) imaging. MRI signal is proportional to 1) concentration            
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of magnetically active nuclei, 2) gyromagnetic ratio (or “gamma factor,” “g factor”), and 3)              
polarization. Since there are huge abundance of ​1​H nuclei in tissues within the living system,               
like human, MRI is widely used for obtaining the anatomical image of organs containing soft               
tissues which is very helpful for clinical diagnosis.  
  
 
Figure-2.1 Schematic diagram of MRI machine showing the basic principles of this            
technique.The major components of an MRI scanner are magnets, the gradient system which             
is used to localize the MR signal and the RF system, which excites the sample and detects the                  
resulting nuclear magnetic resonance (NMR) signal. The whole system is controlled by one             
or more computers. MRI requires a magnetic field that is both strong and uniform. Most               
clinical magnets are superconducting magnets, which require liquid helium. 
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An MRI scanner typically incorporated of a set of coils: one is the magnetic gradient coils                
and the other is the RF (radio frequency) coils (Figure-2.1). The gradient coils, which              
generates the main relatively homogenous magnetic field, creates variations in the magnetic            
field in spatial dimension (x,y,z) to localize the source of the MR signal. The RF coils used to                  
alter the alignment of the magnetic dipoles from equilibrium by generating an RF pulse and               
afterwards tripped dipoles undergo two modes of relaxation back towards equilibrium known            
as T1 (longitudinal or spin-lattice) relaxation and T2 (transverse or spin-spin) relaxation. The             
time required for these relaxation varies among tissues and this property is used to generate               
the contrast between different tissues in MR imaging. For example, ​1​H dipoles in fat and               
hydrocarbon-rich environments have significantly shorter relaxation times (up to 20×)          
compared with those in aqueous environments [2].  
 
2.2 Positron emission tomography (PET) 
2.2.1 Physical basis of PET 
Positron, has the same mass but the opposite charge of an electron, originates from unstable               
neutron-deficient isotopes through nuclear decay. In this process a proton inside the unstable             
radionuclide is converted into a neutron resulting a different element while emitting a             
positron and a nutrono. The emitted positron, is a form of antimatter, travels some distance               
(referred to as positron range) while losing its kinetic energy through interactions with             
surrounding molecules before combining with a free electron resulting in a matter-antimatter            
annihilation. In this annihilation process the positron disappears by transferring the energy            
mass of the positron and any residual kinetic energy to simultaneously create two photons of               
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511keV each and move approximately opposite (~ 180​0​) to each other (Figure 2.2). These              
two photons are detected by two PET detectors 180​0 ​apart. Therefore, the PET detectors are               
designed to detect the annihilation photons, not the positron itself, only a signature of its               
existence. This signature of an annihilation event represented as the line connecting two 180​0              
apart PET detectors, operating in coincidence mode where both detectors detect a 511 keV              
photon at the same time, called line of response (LOR). A PET scanner is a combination of                 
this simple two-detectors system, to a full ring of detectors, with each detector able to form                




Figure-2.2 Illustration of the PET principal showing that the positron emitting radiotracer            
inside the subject’s body under annihilation process produces two gamma rays of equal             
energy (511 keV) moving in approximately opposite directions to each other. These two             
gamma rays are detected by two detectors as a coincident event called line of response               
(LOR). LORs detected by the detectors surrounding the subjects undergo several processing            
using computers to produce the appropriate image.  
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The positron range, which is proportional to the energy of the emitted positron in the               
annihilation process, contributes to the uncertainty of the localisation of the decaying            
radionuclide. After annihilation, the emitted gamma rays may not travel at exactly 180° to              
each other. These two factors thus lead to lower spatial resolution of the PET scanner.  
 
2.2.2 Data acquisition 
To perform a PET scan, the radioisotope is inserted into the subject. The radioisotope is then                
travel throughout the subject’s body. The distribution of the radioisotope is determined by             
detecting the 511 keV photons emitted during the annihilation of positron as a coincident              
event by PET detectors (Figure-2.2). The standard PET detector utilizes an inorganic            
scintillation crystal coupled to a photosensor. The 511 keV photons interact within the             
scintillator primarily via photoelectric or Compton interactions and generate electron-hole          
pairs that transfer this energy to luminescent centers in the scintillator. The process results in               
the emission of many scintillation (light) photons within a very short time frame (<1 μs).               
Photosensor, usually photomultiplier tubes (PMTs) is used to convert the scintillation photons            
into a proportional electrical signal. 
 
List-mode data format or sinogram data format is used to store coincident events detected by               
the PET scanner. The list-mode format stores all coincidence events, while the sinogram             
format stores the averaged counts within a predefined time window or PET frame. List-mode              
data are rebinned into sinogram data after the PET scan with the user-defined time window. 
26 
2.2.3 Image Reconstruction 
PET images (3D/4D) are reconstructed using the sinogram data or list-mode data. Among             
several reconstruction procedures, filtered-back-projection (FBP) is widely used. In the FBP           
an approximation of the true image is obtained by back-projecting all the measure activities              
along LOR through the image. Star artefacts are a common phenomena of the such              
back-projection. Applying high-pass filter, like ramp, Hamming, Hanning, etc the star           
artefacts can be minimized. However, the inaccurate use of such filters may result in              
degradation of the image quality.  
 
Although FBP is a standard image reconstruction procedure to produce reliable quantitative            
PET image, the poor signal to noise ratio (SNR) in FBP introduces poor image contrast and                
hence make the quantification of small regions of interest difficult. Other reconstruction            
methods, like ​Dynamic RAMLA (Row-Action Maximum Likelihood Algorithm) (​DRAMA),         
Order-Subset Expectation Maximization (OSEM) and Maximum Likelihood Expectation        
Maximisation (MLEM), relies on iterative algorithms, results in higher SNR. However, due            
to a large number of iterations required until an optimised solution can be obtained these               
methods can be computationally intensive and time-consuming. Since the computers are           
becoming powerful these reconstruction methods are becoming popular. 
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2.3 Quantitative Analysis With PET 
2.3.1 Arterial input function 
Quantitative analysis of PET data often require the time course of radioactive concentration             
in arterial blood called the input function. Usually, arterial blood samples are collected to              
determine the input function. Arterial blood samples are collected either continuously using a             
blood pump and a gamma counter or discretely using manually drawn samples with a              
syringe. Continuous arterial blood sampling provides the full whole blood curve with time,             
while discrete blood sample provides only time-point measurements of radioactivity          
concentrations in the blood. It is not practical to perform arterial sampling, especially when              
subjects are studied at regular intervals. In such cases, noninvasive techniques are used             
instead of arterial sampling. One method uses a beta probe apparatus on the skin. Image               
driven input function methods are often used where the radioactive concentration in the blood              
is measured by drawing a region of interest (ROI) either on the left ventricle (LV) or on aorta.                  
Since LV contain large volume of blood it is more preferable. Although, it is not always                
possible to image the LV and organ of interest simultaneously. Therefore, aorta is of interest               
of choice for the measurement of input function. However, careful placement of ROI is              
required in both cases. Because a misplacement of ROI on LV could increase the effects of                
cardiac motion and spillover of the radioactivity from myocardium while a ROI having the              
same size of aorta could be affected by the partial volume effect whereas a smaller diameter                
ROI could introduce noise in the input function. Watabe et. al [8] introduced the profile               
fitting method (PFM) for noninvasive determination of the aorta input function for [​15​O]water             
PET study which determined the input function quite well and provided an advantage over              
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ROI method in accuracy and/or precision. There are three steps to estimate the input function               
with the PFM (Figure-2.3). 
● Determine the central axis of the aorta in the image. 
● Estimate the aorta diameter from the radial profile. 
● Estimate the blood concentration with fixed diameter for each frame. 
 
Figure-2.3 ​In the PFM to determine the central axis of the aorta a user select the slices of the                   
average (average of all scan frames) image in which the aorta is seen and placed a circular                 
ROI with a diameter approximately twice that of the aorta. This ROI is used to define a                 
cylindrical region which is segmented using the watershed algorithm into two regions of             
aorta and background. The center-of-mass of the segmented aorta was determined for each             
slice. Then, the central axis of the aorta was determined by finding the line in three                
dimensions with the minimum total distance to all the center-of-mass points using the             
simplex method. To estimate the aorta diameter the n radial profiles are calculated for each               
slice from the center of the aorta with 1-mm sampling using trilinear interpolation and              
averaging radially within each sector. The profiles are then averaged over the slices and fitted               
simultaneously to determine the aorta diameter as parameter of the fitted curve. Finally, to              
estimate the input function this fitting procedure is applied independently to the radial             
profiles (averaged over the slices) for each time frame of the scan with the fixed diameter of                 




2.3.2 Quantification techniques 
Positron Emission Tomography (PET) which is an in-vivo molecular imaging modality used            
to know the biodistribution of specific molecules labeled with positron emitting radioisotopes            
termed radiotracers, radiopharmaceuticals or radiolegends. By modeling the kinetics of          
radiotracer within a biological system one can quantitatively detect the biodistribution of that             
radiotracer. Step-by-step of kinetic analysis (Figure-2.4):  
1. Determine what kind of physiological parameters wants to be determined and choose            
the best tracer for your purpose. 
2. Measure tracer concentration in the tissue of interest (sometimes time activity curves )             
and measure the amount of supply in time (input function). 








In general, compartment model is used for the kinetic analysis which is governed by              
mathematical expressions regarding the balance of molecules between compartments, usually          
defined as a virtual chamber for molecules or states of radiotracers (Figure-2.5). 
 
Figure-2.5 a) One tissue compartment model (1TCM), b) 2TCM, c) 3TCM. The tissue             
compartment can be used to represent three conditions of the radiotracer in the organ tissues:               
freely-moving F(t), non-specifically bound N(t) and specifically-bound B(t), where F, N and            
B refers to the radioactivity concentration of the radiotracers under these conditions. The             
three behaviors of the radiotracer in tissues can thus be explained using the three-tissue              
compartments (3TCM): where the radiotracer moves from the plasma compartment A(t) into            
the free compartment F(t) where it then either binds specifically B(t) or non-specifically N(t)              
to various targets in the organ tissues. In case of 2TCM the free and non-specifically-bound               
compartments equivalate very quickly, so that these two can be combined as a single              
compartment known as non-displaceable compartment herein represented as F(t). Similarly,          
in case of 1TCM the non-displaceable and the specific-bound compartments equivalate           




Following assumptions are made for the compartment model.  
● Each box is called “compartment” and represents a pool of homogeneous tracer            
substance. 
● A tracer is transferred between compartments with a first-order rate constant which is             
proportional to the concentration of the tracer in the compartment. 
● The “compartment” is fairly conceptual and could be a spatial region or a chemical              
state. 
● PET can only measure total radioactivity concentrations of multiple compartments. 
 
Exchanges of radiotracer concentration between compartments are governed by simple linear           
differential equations: 
For  1TCM: 
 A(t)dt
dC(t) = K1 − k C(t)2   
For 2TCM:  
A(t) k )F (t)dt
dF (t) = K1 − ( 2 + k3 + k B(t)4
   
F (t) B(t)dt
dB(t) = k3 − k4  
For 3TCM: 
  A(t) k )F (t)dt
dF (t) = K1 − ( 2 + k3 + k5 + k B(t) N (t)4 + k6
   
F (t) B(t)dt
dB(t) = k3 − k4  
F (t) N (t)dt
dN (t) = k5 − k6  
Where, A(t) [Bq/ml] is the so-called arterial input function. 
C(t) is the concentration of radiotracer in an organ/tissue. 
F(t) is the concentration of free (not bound) radiotracer. 
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B(t) is the concentration of specifically bound radiotracer. 
N(t) is the concentration of non-specifically bound radiotracer.  
K​1​ is the rate constant from blood to tissue having the units [ml/min/g]. 
k​2​,k​3​,k​4​,k​5​ and k​6​ are rate constants within tissue having the unit [/min].  
 
These differential equations can be solved by means of Laplace transform. The general             
solution can be represented as: 
(t) (t) (t)C = A ⊗ R  
Where,  ​represents the convolution integral and R(t) is impulse response function (IFR).⊗  
 
For n compartments 
(t) eR = ∑
n
i=1
αi −β ti  
For 1TCM: 
(t) eR = K1 −k t2  
For 2TCM: 
(t)  R = K1β −β2 1 (k )e β )e[ 3 + k4 − β1
−β t1 + ( 2 − k3 − k4
−β t2 ]
Applying the numerical time course of the radiotracer concentration, arranged by the kinetic             
model to measure the dynamic PET images, the rate constant between compartments, or the              
combined rate constants can be mathematically estimated as a physiological function. These            
physiological parameters can be used to diagnose disease and to elucidate the physiology of              
the organ function.  
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For estimation of parameters in the model from the measured PET dynamic data, the              
nonlinear least square fitting (NLSF) technique is often used while searching the minimum             
summed residuals χ​2​ between measured and modeled time activity curves (TACs). 
(C(t ) (t ) (t ))χ2 = ∑
n
0
ωi i − A i ⊗ R i
2  
where ​ω​i is weighting factor at time t​i and is inversely proportional to the variance of                
measured data. 
To avoid convergence to a local minimum, the initial values for the estimated parameters are               
very important. In fitting parameters using the NLSF technique, there are sometimes            
circumstances in which many solutions for the estimated parameters exist. Iteration of            
computation is applied to search for the best answer in NLSF technique. However, if the               
number of k parameters is increased, the estimated parameters become unstable and variable;             
in addition, a lengthy calculation time is required for large iterative processes. Therefore,             
compartment modeling in PET often uses combined parameters rather than the individual k             
parameters themselves. The distribution volume (V​T ) is one of the most frequently used              
combined parameters. 








CT i  
where C​Ti and V​i are the radioactivity concentrations and the distribution volume under             
specific conditions in the tissue. An important assumption here is that the radioactive             
concentration in V​T​ must satisfy the equilibrium condition. 
(1T CM )V T = k2
K1  
(2T CM )  V T = k2
K1 1( + k4k3 )
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The binding potential (BP) is another frequently used combined parameters. BP represents            
the ability of a radiotracer to bind to specific target molecules. For the reversible 2TCM, BP                
usually represents BP​ND​, which is the binding potential regarding a nondisplaceable           
radiotracer and can also be expressed by, 
BP ND = k4
k3  
Instead of the estimation of NLSF as one of the alternative estimation processes, graphical              
analysis or a “graphical plot” is often used to shorten the computing time. This graphical plot                
is very useful not only because of the rapid calculation time but also because of the stability                 
of the estimates. Linear regression methods such as, logan plot, reference logan plot,             
multilinear reference tissue model (MRTM), are used for graphical plot.  
 
Figure-2.6 Irreversible 2TCM, where the radiotracer moves from the plasma compartment is            
C​a and C​nd is the non-displaceable compartment and C​s is the specifically-bound            
compartment. In this case since all the radiotracer entering into the C​s compartment are              
specifically bound, it is referred as irreversible compartment.  
 
In the case of irreversible tracer, FDG (fluorodeoxyglucose), 2TCM (Figure-2.6(b)), the           
Gjedde-Patlak plot can be used as a graphical plot. Its formula is as follows: 
C (t)a





+ b  
where the gradient, ​K​1​k​3​/(k​2 + k​3​)​, is used to estimate the cerebral metabolic rate of glucose                
(CMRglu) in the FDG-PET study. CMRglu is calculated as follows: 
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MRglucC = K k1 3k +k2 3
Cp
LC  
where ​C​p is the arterial plasma glucose concentration and ​LC is the lumped constant, which is                
used to convert the ​K​1​k​3​/(k​2​ + k​3​)​ of FDG to the glucose concentration. 
 
In addition to the quantitative analyses mentioned above, SUV (standard uptake value) is             
frequently used of PET data analysis. It is a semi-quantitative parameter which represents             
how much the tracer uptake exceeds under assumption of uniform distribution. Although the             
SUV is sometimes useful for diagnosis, the user of the SUV must pay caution the meaning of                 
SUV value. ( SUV is also familiar as Silly Unreliable Value). 
UVS = Injected Dose
Activity concentration in the tissue × Body W eight  
2.3.3 Basis function method  
The computational time required to perform the NLSF to calculate parameters of interest             
voxel by voxel from a dynamic PET image is not suitable for practical purpose. The BFM is                 
introduced by Koeppe et al. [9] as a faster method where conventional NLSF was modified to                
results in a rapid linearized least-squares search technique. The BFM used the following             
kinetic equation for an inert diffusible radioindicators known as Kety blood flow model [10]. 
 
…………   2.3.1(t) C (t)C = f a ⊗ e−kt  
Where, = (t )e dt  ; k f /p)⊗ ∫
t
0
Ca ′ −kt′ ′  = λ + (  
C and C​a are the radioindicator concentrations in cerebral tissue and arterial blood,             
respectively, f is the flow/volume, p is the indicator's tissue-blood partition coefficient, ​λ is              
the radioactive decay constant of the radionuclide and is the mathematical convolution.⊗   
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Voxel by voxel evaluation of f, p and k are made in dynamic PET applications from serial                 
measurements of indicator concentrations in tissue and arterial blood. Arterial blood           
concentration, known as the input function, is the arterial time course measured as a series of                
instantaneous values usually graphically plotted onto a time grid of no more than a few               
seconds per point. Actual tissue concentrations are measured as integrals over the duration of              
a single PET scan. Thus, for a dynamic sequence of PET scan the Eq 2.3.1 is represented as,  
 
 
(I) C (t)C i = ∫
IT
(I−1)T
f i a ⊗ e−k ti  
 
where T is the single scan duration, I is an integer ranging from 1 to the total number of                   
scans, and the subscript i refers to an individual voxel of the image. Given an input function                 
C​a​(t), every voxel sequence C​i​(I) can be described uniquely by the parameters f​i​ and k​i​.  
 
Conventionally used, nonlinear least-squares algorithm in which the measured data C​i​(I) are            
fitted to give f​i and k​j (hence also p​i​) [11], is prohibitive in terms of computational time using                  
currently available ordinary used computers. The basis of BFM is the linear dependence of              
the measured data on the parameter f, and the assumption that the total squared discrepancy               
between data and model (𝓧​2​) has a smooth dependence on the parameter k, with a single                
minimum within the range of physiologically meaningful k values. Parameter optimization           
can then be performed as a search over the nonlinear parameter k and a conventional linear                
least-squares optimization of f [9]. 
37 
First, model estimates X(I,k) are calculated and stored using numerical convolutions of the             
measured input function Ca(t) with e​-kt​: 
X(I,k) =  ∫
IT
(I−1)T
C (t)e dta −kt   
where k is varied over the physiological range with a step size that provides 100 points over                 
the entire range. For each k value, the optimization of f can be accomplished using linear                












where σ(I)​2 is the variance in Y(I), and can be estimated from Budinger et al.'s empirical                









X(I ,k)Y (I)  
To minimize 𝓧​2​, the algorithm searches for the (k,f​opt​) pair with the maximum value of,               
f​opt​∑X(I/k)Y(l)/σ(I)​2​. Considerable time is saved by performing the search in three stages,            




Chapter-3: Statistical Map 
Image statistics of molecular image typically takes place at the voxel level which involve the               
development and analysis of a statistic image. Such a statistic image is created through              
statistical finding of the experimental effect of interest at each voxel. For the experiments              
where the prior anatomical hypothesis is absent, the experimental effects must be obtained             
through the assessment of the entire statistic image using a method which takes into account               
the intrinsic multiplicity associated in testing at all voxels concurrently. The general linear             
model (GLM), the classical flexible framework encompasses ​t​‐tests, ​F​‐tests, paired          
t​‐tests, ANOVA, correlation, linear regression, multiple regression, ANCOVA, etc,         
traditionally has been used to obtain the statistic parametric image (map) where the data are               
assumed to be normally distributed with mean parameterized by GLM [13]. A test statistic at               
each voxel, which poses a student’s t-distribution under the null hypothesis, is produced by              
constructing the estimated parameters of this model. To identify the voxels or regions where              
there exists significant evidence against the null hypothesis the resulting t-statistics image is             
then assessed using distributional results for continuous random fields.  
 
A nonparametric alternative based on permutation or randomization test theory introduced by            
Holmes et al. [14] can be applied when the assumptions of a parametric approach are               
indefensible. This method for generating the statistical map is conceptually simple, which            
also deals multiple comparisons issue, relies only on minimal assumptions. In nonparametric            
settings the data are randomly shuffled, many times, in a manner consistent with the null               
hypothesis. It is the null hypothesis, together with assumptions about exchangeability, which            
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determines the permutation strategy, perhaps the most important aspect of permutation tests.            
Furthermore, the permutation method outperforms parametric approaches in some situations. 
3.1 Choice of the statistic 
Ideally any statistics having large values which reflect proof against the null hypothesis could              
be used in non-parametric method. For example, regression coefficients or descriptive           
statistics, like trimmed means, differences between medians or ranks of observations can be             
used [15]. Therefore, we are not restricted to use the t or F statistics. However, the choice of                  
statistics should be in such a manner so that it is independent of the scale of measurement or                  
on any unknown parameters. In practice the regression coefficients are not a good choice              
because certain permutation schemes alter the collinearity among regressors as its variance            
depends both on the error variance and on the collinearity of that regressor with the others                
[16]. For instance, with respect of brain imaging spatially homogeneous statistics is required             
in the case of correction for multiple testing which cannot be provided by regression              
coefficients. Pivotal statistics in the parametric settings are independent of any unknown            
parameters. Such pivotal statistics include the Student's t, the F ratio, the Pearson's correlation              
coefficient (often known as r), the coefficient of determination (R​2​) used to construct             
confidence intervals and to compute p-values in parametric tests. ​Therefore, in the case of              
molecular imaging, pivotal statistics are of good choice in nonparametric settings where the             






p-values offer a general estimation of evidence against the null hypothesis, ​H​0​, regardless of              
the choice of the test statistics. If ​T is a particular test statistics and ​T​0 is a specific observed                   
value of this statistic after the experiment has been conducted, the p-value can be defined as,                
P (T≥T​0​|H​0​)​, the probability of observing a test statistic equal or larger than the one computed                
with the observed values. Under a number of assumptions in a parametric settings, one can               
obtain the p-values by referring to the theoretical distribution of the chosen statistics, such as               
t distribution, either through a known formula or using tabular values. Such assumptions are              
not required in nonparametric settings, whereas permutation (random shuffling) of data are            
taken place under null hypothesis. For each permutation a new statistics, ​T​i​, is calculated,              
where i indicates a permutation index. Eventually, for all possible permutations under null             
hypothesis an empirical distribution of T​i ​is constructed and a p-value is computed from this               




J i ≥ T 0             
the indicator function. Therefore, it is evident that the nonparametric p-values are discrete             
having each possible p-value being a multiple of 1/I and the smallest p-value is 1/I, not zero.  
3.3 Threshold-free cluster-enhancement (TFCE) 
Cluster-based thresholding is popular as it is often perceived to be more sensitive to finding               
true signal than voxel-wise thresholding. However, a limitation is the need to define the              
initial cluster-forming threshold (e.g., threshold the raw t-statistic image at t > 2.5). This              
threshold is arbitrary, and yet its exact choice can have a large impact on the results,                
particularly at the lower (e.g., t, z < 4) cluster-forming thresholds frequently used. A second               
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problem is that the initial hard thresholding introduces instability in the overall processing             
chain; small variations in the data around the threshold level can have a large effect on the                 
final output. A third problem, common also to simple voxel-based thresholding, is that the              
amount of spatial smoothing is itself arbitrary, given that the expected signal extent is very               
rarely known in advance of the analysis. To keep the sensitivity benefits of cluster-based              
thresholding (and indeed the general concept of “clusters” of signal), while avoiding (or at              
least minimising) the problems listed above “threshold-free cluster-enhancement” (TFCE) is          
introduced by Smith and Nichols, 2009 [17]. 
 
The method is named as “threshold-free cluster-enhancement” (TFCE) because in this           
method an TFCE image is produced from a raw statistic image (e.g., an unthresholded ​t​- or                
z​-statistic image) where the voxel-wise values represent the amount of cluster-like local            
spatial support. It is done by a simple procedure: each voxel's new value is given by the sum                  
of the “scores” of all “supporting sections” underneath it; each section's score is simply its               
height ​h ​(raised to some power ​H​) multiplied by its extent ​c (raised to some power ​E​).                 
Therefore, the output value is a weighted sum of the entire local clustered signal, without the                








Figure-3.1 Illustration of the TFCE algorithm. The red line curve shows a 1D profile through               
an example statistic image​. ​h​1​, h​2​, …, h​n​; are the cluster-forming height threshold and e​1​, e​2​,                
…, e​n​; are the supporting section or cluster size at that given height.  
 
The process is illustrated in the figure-3.1. For the voxel at position x the mage is thresholded                 
at h, the single contiguous cluster containing x is used to define the score for that height h.                  
The height threshold h is incrementally raised from a minimum value h​0 up to the height v​x                 
(the signal intensity in voxel x, typically a t or z-score), and each voxel's TFCE score is given                  
by the sum of the scores of all “supporting sections” underneath it. Precisely, the TFCE               
output at voxel x is: 
F CE(x) (h) h dhT = ∫
vx
h=h0
e E H  
where h​0 will typically be zero, e(h) is the size of the cluster containing x at threshold h and E                    
and H are empirically set to 0.5 and 2, respectively. In practice this integral is estimated as a                  
sum, using finite dh (for example, dh = 0.1 if the input is a raw t or Z image).The                   
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cluster-enhanced output image can be turned into p-values (either uncorrected or fully            
corrected for multiple comparisons across space) via permutation testing. The values of            
parameters E and H were chosen so that the method gives good results over a wide range of                  




Chapter-4: Statistical mapping of [​15​O] water PET 
image of kidney 
4.1 Introduction  
Image statistics so-called statistical mapping has widely been used in studies in which images              
from a patient group with a specific diagnosis are compared with images from a healthy               
control group who have been matched for demographic variables. This comparison between            
groups is performed voxel by voxel for testing the differences between the means of the two                
sets of data while taking the variance within groups into account. Image statistics also enable               
statistical comparison between different subgroups of patients. Furthermore, by quantifying          
each voxel using standardized scale correlation between regional function patterns among           
samples of patients and the severity of specific symptoms can be obtained. Following several              
stages of image preprocessing including smoothing, realignment and volumetric         
normalization, image statistics is compiled and evaluated to find significant foci in a             
standardized anatomical space [18]. Volumetric normalization of an organ, which is to bring             
that organ volume obtained from different individuals in a common reference space called             
template, has become a necessary part of structural and functional data analysis. Such             
normalization can be used to perform image statistics over a sample of subjects in this               
reference space within which standardized anatomic labeling can also be implemented across            
subjects, studies and laboratories [19]. Automatic analysis methods [20,21,22] using image           
statistics and volumetric normalization have already been incorporated into the clinical           
routine within nuclear medicine and in other medical fields of medical knowledge,            
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specifically in nuclear cardiology [23]. However, this type of analysis continues to be             
minimally explored in clinical practice within nephrology [18]. 
 
Parametric images of kidney enabling clinicians to study intra-organ differences in perfusion            
as opposed to overall organ blood flow. Using the parametric map mean perfusion of a               
specific tissue can be determined by averaging all voxels within that tissue. Therefore, such              
maps could enable the study of differential perfusion between cortex and medulla in kidney              
disease patients and to identify ischemic and hyperemic areas within the kidney. Mapping of              
local blood flow with H​2​15​O and PET has been validated in kidney and in other organs                
[24,25,​26​,27,28], suggesting H​2​15​O is the most suitable radiotracer for measuring local blood            
flow with PET.  
4.2 Purpose 
Volumetric normalization of parametric images of kidney and performing image statistics on            
the normalized kidney could enhance the study performance of intra-rogan differences.We           
have been motivated by the success of image statistics of brain imaging to develop a method                
for obtaining volumetrically normalized kidney to perform image statistics so that we can             
locally visualize the statistical significant difference comparing voxel by voxel between           
certain groups in terms of kinetic parameters of kidney blood flow.  
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4.3 Materials and Methods 
4.3.1 Subjects 
Retrospective image data between 2011 to 2015 of ten human subjects which include two              
females were studied. Among them, four were clinically diagnosed as chronic renal failure             
(CRF) patients and six were healthy controls (HC). The average age, height and weight of the                
HC subjects were (40±6) year, (171±3) cm and (82±11) kg, respectively and those for CRF               
were (58±10) year, (159±12) cm and (66±22) kg, respectively. 
 
This study was approved by the Ethics Committee of the Tohoku University Hospital (No.              
2010-329)​. Written informed consent was obtained from all subjects after a complete            
description of the study had been made. 
 
4.3.2 Image acquisition 
PET scans using H​2​15​O radioisotope were performed on HC and CRF subjects under rest and               
load conditions. Subjects underwent PET scan 30 minutes after drinking 1 to 2 liter of water                
according to their intake capacity is referred to as load condition whereas subjects underwent              
PET scan without drinking any water is referred to as load rest condition. Among all the                
subjects, only two HC underwent three dimensional (3D)-PET scan in 2015 while the rest              
underwent two dimensional (2D)-PET scan between 2011 to 2013. 2D mode PET scans were              
performed using a Shimadzu SET-2400W scanner [29] and 3D mode PET scans were             
47 
performed using a Shimadzu Eminence (SET-3000 B) scanner [30]. The average injected            
activity for 3D and 2D mode PET scan were (84±8) MBq and (607±83) MBq, respectively.  
For 3D scan mode, scan protocol for one subject was 36 frames, 4min (6 sec x 5 frames, 3 sec                    
x 20 frames, 6 sec x 5 frames, 20 sec x 6 frames) and that for the other subject was 37 frames,                      
5min (6 sec x 5 frames, 3 sec x 20 frames, 6 sec x 5 frames, 20 sec x 7 frames). Images were                       
reconstructed using ‘​Dynamic RAMLA (Row-Action Maximum Likelihood Algorithm) [31],         
(​DRAMA)’-3D [32] where the reconstruction parameters, iteration and subset were 1 and            
128, respectively and the image matrix and ​voxel size were 128x128x79 and 4x4x3.25 mm​3​,              
respectively.  
For 2D scan mode, scan protocol for two subjects were 50 frames, 5min (3 sec x 20 frames, 6                   
sec x 20 frames, 12 sec x 10 frames) and that for the rest subjects were 36 frames, 4min (6                    
sec x 5 frames, 3 sec x 20 frames, 6 sec x 5 frames, 20 sec x 6 frames). Images were                     
reconstructed using 2D-​Ordered Subsets Expectation Maximization (​OSEM) [33] where the          
reconstruction parameters, iteration and subset were 2 and 16, respectively and the image             
matrix and ​voxel size were 128x128x63 and 4x4x3.125 mm​3​, respectively.  
MRI for only one HC subject was produced with GE Signa™ HDxt 1.5T magnetic resonance               
scanner in rest condition. The ​T1-weighted MR image Sequence was LAVA-FLEX where            
the matrix and voxel size were 512x512x112 and 0.684x0.684x2.5 mm​3​, respectively. This            
HC subject’s 3D PET image and MR image were used as the reference image for the                
volumetric normalization process.  
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4.3.3 Statistical Image Processing 
 
Basis Function Method (BFM) 
The BFM has been used to estimate kinetic parameters of blood flow at voxel level for organs                 
and eventually generating the parametric images. We embraced the concept of the BFM and              
implemented it to generate parametric images of blood flow namely, uptake rate constant K​1              
as ml/min/g, clearance rate constant k​2 as min​-1 and the activity concentration in the arterial               
vascular space V​a as ml/ml. We applied the BFM to the following kinetic model of H​2​15​O                
based on a single-tissue compartment model: 
 
(t) .A(t) .A(t)C = V a + K1 ⊗ e−k t2  
 
Where, C(t) is the radioactivity concentration in a voxel of PET image; A(t) is the arterial                
input function; indicates the convolution integral and K​1 (ml/min/g), k​2 (min​-1​) and V​a  ⊗            
(ml/ml) are the parameters of interest. 
 
The BFM used in this study is illustrated in Figure-4.1 where the range of k​2 is set to 0.34                   




Figure-4.1 The Basis Function Method (BFM) workflow where the non-linear part of the             
kinetic model called the basis-function is pre-calculated for a range of k​2 values making the               
process very fast to generate parametric images. After determining the basis functions the             
linear least square fitting is performed for these basis functions to find minimum s​2 and               
associated K​1​, k​2​ and V​a​ parameter values are obtained for each voxel of the image.  
 
The aorta input function was obtained from the image-driven noninvasive profile fitting 
method [8].  
Working procedure 
We made averaged image of each subject's PET dynamic image over time frames. Then right               
and left kidneys were three-dimensionally cropped from the MR image, averaged and            
dynamic PET images. Using the FMRIB's Linear Image Registration Tools (FLIRT) [34,35]-            
v6 of FSL-5 software the cropped average PET image of the kidney (CAPIK) was then               
registered on the cropped MR image of the kidney (CMIK). The transformation matrix             
obtained from the registration process was then applied to the cropped dynamic PET image of               
the kidney (CDPIK) to obtain registered CDPIK in MR coordinate. In this way, using the               
affine transformation right and left kidney of all subjects were separately normalized to the              
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reference subject's MR image right and left kidney, respectively. The BFM was applied to              
each subject's normalized kidney image to get its parametric images. This process is repeated              
for all subjects. The statistical images were then created using two-sample unpaired t-test             
along with threshold-free cluster enhancement (TFCE) [17,36] in ​permutation methods (also           
known as randomisation methods) [37] of FSL to locally visualize the statistical significance             
(P<0.05) between HC & CRF. The flow-chart of the statistical image processing is shown in               
the Figure-4.2. 
 
Figure-4.2 Flow chart for generating statistical image from kinetic parametric (K​1​, k​2​, V​a​)             
images of the volumetrically normalized kidney. FSL tools, affine transformation and           





Reference subject's 3D-PET image CAPIK was directly registered to its CMIK (Figure-4.3a)            
but other subjects' CAPIK were first registered to reference subject's 3D-PET image CAPIK             
then registered to reference subject's CMIK (Figure-4.3b). Since 3D mode PET scan            
produced better quality image compared to the 2D mode PET scan, intermediate PET​Otr to              
PET​Ref registration within the process (b) (Figure-4.3b) help us to obtain better registration in              
MR space even for CRF subjects.  
 
Figure-4.3 Volumetric normalization procedure: ​(a) PET image was directly normalized to           
the template (MR image), where both PET​Ref and MR image were from the same subject               
(reference subject). ​(b) PET image was normalized to the template through an intermediate             
PET space registration process, where PET​Otr images of other subjects were registered to the              
reference subject's PET​Ref image, then the transformation matrix obtained from this process            
(PET​Otr​To PET​Ref​) was concatenated with the transformation matrix obtained from process-a           
(PET​Ref ​To MR) and finally the resultant transformation matrix ((PET​otr ​To MR) was applied              
on PET​Otr image of other subjects to get the normalized image. Volumetrically normalized             




Parametric images generated from volumetrically normalized kidney images using the BFM 
are shown in the Figure-4.4. The K​1​, k​2​ and V​a​ values ranges from 0 ml/min/g to 4 ml/min/g, 
from 0 /min to 8 /min and from 0 ml/ml to 0.5 ml/ml, respectively. Parametric images of all 
subjects are shown in ​appendix-4​.  
 
Figure-4.4 Parametric images of volumetrically normalized kidney generated through BFM.          
Parametric images of 3D PET & 2D PET for HC and 2D PET HC & CRF are illustrated side                   






Figure-4.5 Box plot of HC and CRF in terms of parameter mean value calculated over the                
whole kidney 
 
Box plots (Figure-4.5) are showing that K​1​, k​2 and V​a are notably lower in CRF than those of                  
in HC, parameter values in CRF are higher than the rest and vice versa for HC and k​2                  
parameter is more stable compared to K​1 and V​a​, because K​1 and V​a ​are highly affected by                 
tissue mixture and partial volume effect whereas k​2 is not [25]. Box plot has given us an                 
overall picture of the difference between HC and CRF in terms of parameter mean value               
calculated over the whole kidney. But it does not provide us the regional significant              
differences between these groups. To obtain such significance within the kidney area the             
statistical map of K​1​, k​2 and V​a parameters were created (Figure-4.6), which represents how              
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HC and CRF are significantly different from each other locally. Statistical significance was             
determined using voxel-by-voxel t-test analysis among the parameter values at each voxel for             
the HC group to those for the CRF group. The orthogonal and 3D view shows the significant                 
increase in K​1​, k​2 and V​a parameter for HC compared to those for CRF within several areas of                  
both kidneys. Since the clearance parameter, k​2 provides an image with reasonable accuracy             
and quality [25], this article recommends using the statistical map of the k​2 parameter for               




Figure-4.6 Orthogonal and 3D view of statistical map of K​1​, k​2 and V​a parameters. The               
statistical t-map generated using threshold-free cluster enhancement (TFCE) in ​permutation          
methods ​without ​family-wise error rate (FWER) correction. ​Colored pixels represent kidney           
areas that showed group averaged K​1​, k​2 and V​a parameters in terms of significant differences               
between HC and CRF. Images were produced using FSLeyes software by overlaying            
statistical images of HC>CRF (Red-Yellow) and CRF>HC (Green) on the MR template.  
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Figure-4.7 shows the comparison of the statistical map in rest and load conditions between              
HC and CRF. The reduction in red-yellow spots in load condition implies that water loading               
improves the [​15​O]water kinetics in CRF cases. In other words, this finding suggests that the               
water intake improves the uptake rate (K​1​), the clearance rate (k​2​) and the blood volume ratio                
(V​a​) in CRF subjects. Though these findings are similar to the findings of the box plot but                 




Figure-4.7 Comparison between rest and load condition. Images were produced using           
FSLeyes software by overlaying statistical images of HC>CRF (Red-Yellow) and CRF>HC           
(Green) on the MR template 
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4.5 Discussion 
4.5.1 Advantages and disadvantages of PET imaging with H​2​15​O  
The use of ​15​O-water with this technique offers several advantages [24], such as its short               
half-life (2 min), which enables easily repeated scans. Other advantages are that ​15​O-water is              
a metabolically inert tracer that is highly diffusible and consistent with the inherent function              
of the kidney and the synthesis of ​15​O-labeled compounds is relatively easy. However, some              
disadvantage of this technique compared with other techniques is that because of the short              
half-life, H​2​15​O production requires an on-site cyclotron and the small distribution volume of             
15​O-water in the kidney, the tracer rapidly disappears. Consequently, the image quality is             
limited making the computation of kinetic parameters at a voxel level by this technique              
difficult [28]. Since the workplace is facilitated with an on-site cyclotron and 3D PET              
scanner produced better quality image compared to 2D PET scanner, we were able to prevail               
over the problems associated with ​15​O imaging. Additionally, better quality 3D PET image             
was used as an intermediate template for volumetric normalization process (Figure-4.3(b)).           
The image quality also has an impact on the image-driven input function which results in an                
underestimation in the quantification. 
4.5.2 Normalization and associated limitations: 
Essential parts for group-level image statistics are the volumetric normalization of the PET             
images and precise prototyping of the volumes of interest (VOIs). For accurate quantification             
of PET images dedicated individual MRI-PET precise co registration and manual           
demarcation of the VOIs are necessary. Since this process is lengthy and it could be difficult                
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by inter- and intra-operator variability, template based volumetric normalization and          
delineation of VOIs is very attractive to standardize the analysis. However, one must be              
cautious for choosing a specific template as various templates are categorized by differences             
in performance and they might cause the introduction of inaccuracies and under- or             
overestimations in the quantification [38]. We have used one HC subject's kidney MR image              
as our template which restrains us for achieving perfect volumetric normalized images            
especially for CRF subjects with affine transformation. Due to the limitation of the             
experimental resource, we could not aim for obtaining perfect registration rather we wanted             
to establish a method by which statistically significant differences between HC and CRF             
groups in terms of kidney blood flow kinetic parameters can be observed locally and that is                
evident as an outcome of this method (Figure-4.6). However, a perfect registration along with              
template optimization technique [39] could enhance the accuracy of the method. Having only             
one subject MRI for this study is a limitation for obtaining an optimized template.              
Furthermore, better registration can be achieved by choosing a high-precision nonlinear           
registration method [39].  
 
4.5.3 TFCE and Multiple Comparison: 
We incorporated threshold-free cluster enhancement (TFCE) in the randomise method          
because TFCE does indeed provide not just improved sensitivity, but richer and more             
interpretable output than ​standard voxel by voxel method and other cluster-based methods            
[17,40]. Additionally, permutation in combination with TFCE, providing accurate type 1           
FWER (family wise error rate). In the case of small sample sizes (​N = 10, 25 trials), the                  
permutation technique is preferable as it offers better control over the type 1 FWER [41​].               
60 
However, due to small sample size (10 scans), which require 210 permutations for the              
exhaustive test of t-test, performing FWER correction would be too liberal because 600 to              






5.1 Future direction  
It is expected to increase the incidence of kidney diseases, such as atherosclerosis, diabetic              
nephropathy, and cancer due to the increasing age of the general population ​[42]​. Without              
developing novel molecular imaging techniques, it would be challenging for the successful            
management of these diseases​. ​Since PET permits quantitative imaging of the kidney, it has              
enormous potentiality in kidney imaging not only to measure blood flow but also in various               
types of functional and molecular imaging and in the development of molecular tracers for              
kidney imaging [5]. Numerous MRI techniques like cine phase-contrast MRI, arterial spin            
labeling (ASL) MRI, Blood oxygen level-dependent (BOLD) MRI are also very appealing in             
functional kidney imaging [4]. These potential new approaches are, at best, in an             
experimental stage [5]. Several volumetric normalizations and image statistics robust          
applications namely, FSL, statistical parametric map (SPM), ​three-dimensional stereotactic         
surface projections (​3D-SSP), etc are successfully being used in clinical and basic research             
for functional and molecular brain imaging that usages PET, MRI, SPECT. Using FSL we              
have shown that these applications can easily be used for functional and molecular imaging              
of kidney, which can be implemented for various types of kidney mapping studies, group              
comparison and even for automation in disease diagnosis.  
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5.2 Conclusion 
Since statistical mapping of the brain has become an essential tool for functional and              
molecular imaging in brain research and clinical application, it is apparent from this study              
that, statistical mapping of kidney could play a significant role in the success of renal               
functional and molecular imaging research and for the better diagnosis of kidney diseases that              
usage PET, MRI, CT and SPECT. However, a bigger sample size would result in a better                
outcome. This article also suggests that such kind of image statistics can be performed for               
functional and molecular images of other organs like lung, liver and even for the whole body. 
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Appendix-1: Development of Online Molecular     
Imaging Repository and Analysis (MIRA) System 
Introduction 
To obtain promising results from MI research while addressing the interdisciplinary           
challenges, a collaborative, transparent, and flexible framework is required, which can bridge            
the knowledge gaps among researchers from different disciplines by combining their           
expertise and skills. Furthermore, such framework should have facilities so that ​image            
datasets which are larger in size and requires faster computation can be pipelined for              
advanced processing. Enhancement in computer hardware and storage is the key factor for             
this revolutionary achievement. However, with further advancement in multi-modal imaging,          
quantitative imaging and radiomics/radiogenomics, the rapid inflation in data volume          
necessitates the development of image informatics, repository and analysis tools to ensure            
timely delivery of pertinent information. ​To address these challenges, ​an image storage and              
information database is required to link various stages of research in order to achieve the               
desired goal. Such a framework ​should include reusable modules, should be scalable and             
sustainable for continued development, and be interoperable with other software systems.           
Therefore, open-architecture and open-source image information systems are an ideal          
solution for these requirements [43]. 
Purpose and objectives 
Although there exists several open-source medical image informatics tools, such as XNAT            
[44], LORIS [45,​22​], LONI [46,​23​]; and clinical trials management system (CTMS) [RedCap            
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2013 ref] for clinical research and application, none of these is a one-size-fits-all approach              
solution for MI research. In this study, we develop a one-size-fits-all approach solution for              
MI research, which is an open-source collaborative, flexible, transparent, and secure online            
MI repository and analysis infrastructure named MIRA, to bridge the knowledge gaps among             
researchers by combining interdisciplinary or multidisciplinary research outcomes of MI          
research. MIRA is designed with a centralized image archiving infrastructure and information            
database so that a multicenter collaborative informatics platform can be built. Because this             
infrastructure should meet the demands of multidisciplinary MI research, the system must be             
quite flexible; therefore, it should have flexibility and efficiency in data entry, image file              
format normalization services to convert between various image formats, ensuring that           
different types of documents and multimedia files can be stored and viewed. In addition, it is                
important to integrate imaging informatics tools with other bioinformatics and medical           
informatics tools to provide a comprehensive approach to associate imaging data with other             
scales of molecular and clinical data types, called metadata [43]. Finally, to address             
challenges of transparency, accountability, and knowledge management, MIRA is designed          
based on the concept of an electronic laboratory notebook (ELN) [47-49]. 
 
Materials and Method of MIRA 
To ensure cost-effective and open-source infrastructure, MIRA is designed with freely           
available software without compromising security; moreover, a Linux based server and           
computer system are used. In addition, most program codes are written in the Python [50]               
programming language with the Pylons [51] web framework. In particular, ​PyBLD [52] is             
utilized for data analysis and image manipulation​. In some cases, for fast computation, like              
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for molecular image conversion and analysis, program codes are written in the C             
programming language. Furthermore, JavaScript is used for some interactive convenience. A           
MySQL [53] database engine is used for data storage and manipulation. Thus, no proprietary              
software was used in the development of MIRA. 
Technical overview 
The basic architecture of MIRA is the widely used three-tier design [54] that includes a RDB                
backend, a Python middleware, and a web-based user interface (Figure-A1.1).  
 
Figure-A1.1​ Three-tier architecture of MIRA 
 
Design 
In general, MI research is project-based, where multidisciplinary or interdisciplinary          
researchers collaborate and design the project, including the experiments, subsequently          
conduct the imaging and finally analyze the images. Therefore, MIRA is designed as a              
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project oriented system. MIRA project can be a small personal project like a PhD project or a                 
big multidisciplinary project for instant, multicerter quality control of PET scanners. It does             
not act as project workflow management system but it helps to handle a MI research project                
effectively as a centralized system; this process is depicted in Figure-A1.2.  
 
Figure-A1.2​ Comparison of the workflow of MI research with and without MIRA.  
 
As the project progresses, sharing of experimental, imaging, and analytical outcomes among            
research group members is required; at this stage, our MIRA infrastructure is effective for the               
management and exchange of project data. Otherwise, the only alternative for the research             
group members is to conduct meetings to share their progress; however, such meetings are              
marred by inconsistent and mixed data, because of decentralized data management,           
hampering project progress and consequently, its success. Nevertheless, group meetings still           
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remain an essential part of a project; however, frequent meetings are difficult to organize in               
the case of any multidisciplinary or interdisciplinary project like an MI research project.             
Thus, MIRA not only helps to reduce the number of meetings needed, but also assists in                
facilitating a well-organized meeting.  
 
 
Once a research project is registered onto MIRA, users who are involved in this project can                
access all experiments under it. For each experiment, experimental records and image data             
from different imaging modalities are stored and shared among researchers who have            
participated in these experiments or in the project. Any information regarding the            
experiments such as experimental protocol, subject conditions, and notifications, can be           
collaboratively stored as an entry in the ELN [47].  
Control Flow 
The control flow of MIRA is described below, and is also depicted in Figure-A1.3: 
Users​: The administrator of the system is responsible for creating users and groups of users 
using the administrator’s control panel. The administrator can also perform various other 
functions, which are described later in the Outcomes section.  
 
Projects​: An authenticated user can add a project and can assign any user to that project. In 
addition, the project can be assigned to a group of users as well. Users assigned to a project 
can access and make changes to all the features of the project, for example, experiments, 
scans (runs), and the comments of the project.  
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Experiments​: Experiments can be created under a project by an authenticated user assigned 
to that project and any user in that project can be assigned to a particular experiment.  
 
Runs​: Runs can be created under an experiment by the users of that experiment; these runs 
are primarily used to store and analyze scans using different imaging modalities.  
 
Subjects​: Subjects are usually created under an experiment; however, subjects can also be 
created under a project and can be assigned to any of the experiments under that project. In 
addition, a user can assign a subject to other projects the user has access to.  
 
Sites​: Sites, which are created by an administrator, are related to the experiments and 
subjects. A user can assign a site for an experiment and for a subject from the available list of 
sites.  
Figure-A1.4 shows the interrelations between the projects, sites, subjects, experiments, and           
runs in MIRA.  
 






Figure-A1.4​ Internal structure of MIRA 
Outcomes of MIRA 
MIRA is based on a web server, thus enabling users to remotely access their data and records                 
using a web browser through internet or intranet. The users can access data stored in MIRA                
in an appropriate manner, which is automatically determined by MIRA based on the data              
format. For instance, a user can obtain the Time Activity Curve (TAC) to obtain an overall                
perspective about a molecular image. In addition, a user can view an image, play a movie, or                 
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listen to a sound in any arbitrary format. After logging in, a user instantly gets updates on the                  
experiments he or she is involved in on their homepage, referred to as the Top page                
(Figure-A1.5). The other outcomes are described in detail in the following subsections. 
 
Figure-A1.5​ User Homepage, called Top Page; Displayed after user login and shows the list 
of experiments user is involved in. 
 
Archiving 
The users of MIRA can store all experimental information and image data acquired using              
several image modalities. Unlike the imaging modalities installed in a hospital, not all image              
modalities for MI have the capability to communicate using the DICOM standards; therefore,             
MIRA includes the capability to store image data in any arbitrary format including DICOM,              
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Analyze, Nifti, and Minc, among others. Furthermore, MIRA has the capability to convert             
image data in different formats to the DICOM format and export it to a PACS server. Stored                 
images can also be converted to web browser compatible formats (for example, JPG, GIF,              
TIFF, etc.) for easy representation. Moreover, different types of data including text, audio,             
image, and video, can be stored and viewed within the MIRA system under the relevant               
projects, subjects, experiments, and runs. Lastly, the inclusion of batch uploading and            




Figure-A1.6​ TAC of the 4D (X,Y,Z,T: 128, 128, 79, 36) H2O[15] PET image of kidney. 
 
Images can be viewed in different color scales, such as grayscale, hot metal, and rainbow,               
among others. In addition, the images can be rotated, flipped, and zoomed in various orders.               
Further, the TAC can be generated for specific regions on the represented image; an example               
is shown in Figure-A1.6. No image data compression is performed in MIRA. For image              
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analysis within MIRA, raw image data is directly utilized by widely used pipelining             
techniques [CBRAIN, LIONS, LORIS, XNUT reference]. Thus MIRA ensure the efficiency           
and quality of image analysis.These analyses can be conducted on-the-fly (online) using a             
web browser. 
Radiation Information System 
For MI research or clinical management, ​it is important to track a subject's complete              
workflow, especially to record the radiation information related to the subject. ​To store the              
radiation information of a subject, ​MIRA includes a subject tracking facility for the entire              
workflow. For example, an animal can be used in various experiments, which use a              
radioisotope, and may need to be disposed or released in the environment after the              
experiment. Thus, before disposing or releasing the animal, it is important to know the              
amount of radioactivity left inside the animal, and MIRA can be used to effectively handle               
such issues by using the tracking and tagging facilities.  
Calendar, User role and Notification 
Other than assigning users to an experiment, the creator of an experiment can select the role                
for a user in the experiment. The administrator of MIRA predefines the user roles (for               
example, Supervisor, Nursing, Animal Preparation, etc.). Once assigned, MIRA         
automatically sends a notification to the assigned user about the assigned role and the              
experiment schedule. Using the calendar feature of MIRA, a user can view all the              
experiments of their facility in the day, week, month, and year format, but can only access the                 
details of the experiments he or she is assigned to. Furthermore, this calendar can be               




Access control in MIRA has been designed considering the requirements of transparency and             
security. Using the user-friendly dashboard or control panel, the administrator of MIRA can             
not only create users, but also add and maintain cameras, sites, and groups, etc. for MIRA. In                 
addition, there can be multiple administrators for a single implementation of MIRA. An             
administrator has no control over a project unless he or she is assigned as a member of the                  
project by the project owner. Because a project user can access all the elements of a project,                 
such as experiments, subjects, runs, and comments, among others, of the project and can see               
other users’ activities within the project, the project activities are transparent among the users              
of that particular project. 
Search and advanced search 
Because the volume of project data continuously increases with the passage of time,             
searching is an important feature for MI research. Therefore, MIRA includes search features.             
First, MIRA has a general search feature, available for every page in the upper right corner                
(Figure-A1.5), using which a user can search for any word or words within the accessible               
area of the database. Second, on every user’s home page, the user can search for specific                
projects, experiments, or subjects using the using their corresponding ID (Figure-A1.5).           
Finally, an advanced search is included, which can be accessed by clicking the search menu               
item (Figure-A1.5); it helps the user find particular items within their projects, experiments,             
subjects, runs, and files.  
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Electronic Laboratory Notebook 
The MIRA system not only stores data, but also maintains logs for every step of a project.                 
Using this facility, users of a project can add and edit their comments on the projects,                
experiments, runs, and subjects under the projects. The comment feature is important for             
effective collaboration among researchers or clinicians in order to improve the quality of             
research . Further, the log system is a useful auditing feature, which keeps records of user                
activities including when a user made or edited their comments, when a user uploaded or               
deleted a file, and so on. These logs play an important role considering intellectual property               
rights and regulations. The log system along with the searching feature and secure access              
control have made MIRA an effective ELN.  
Other Features 
MIRA is designed to be used globally. Therefore, it uses the Unicode encoding standard so               
that ​the users of MIRA can store data in multiple languages. Furthermore, MIRA is facilitated               
with an Application Programming Interface (API) for data retrieval and data uploading. Thus,             
developers can also connect MIRA through APIs and build custom functions based on their              
needs. 
Discussion of MIRA 
Identification of tumor-specific markers and the application of these markers is one of the              
applications of molecular imaging research, because MI techniques provide a functional and            
dynamic perspective for cancer therapeutics, from the nanoscale to the entire body. However,             
current imaging probes cannot localize (micro) metastatic foci and/or residual disease up to a              
75 
satisfactory level at the whole-body scale. It is therefore essential to relate and combine our               
knowledge of mechanisms for the processes of metastasis, tumor dormancy, and routine            
clinical practice to treat cancer effectively. Multidisciplinary or interdisciplinary MI approach           
could be used for bridging such informational gaps. However, as previously mentioned, the             
multidisciplinary or interdisciplinary approach have challenges in terms of collaboration,          
trust, validation, and verification. A flexible, informative, interactive, transparent, and secure           
infrastructure is required where researchers from various backgrounds can confidently share           
their knowledge and expertise. Though existing solution like RedCap [55,56] can effectively            
handle high standard clinical trials management, translational research field like MI research            
require more flexible electronic data capture (EDC) system [55]. Considering this, MIRA            
offers such an infrastructure for MI researchers where they can store whatever data they want.               
MIRA is not an alternative choice of existing CTMS or image informatics tools, but it can be                 
used along with such systems as a flexible choice of EDC along with online image analysis                
facility which can fulfil the demands of MI research laboratories.   
 
Though MIRA has some architectural similarities with open-source medical image          
informatics tools [44-46], it is still considerably different from them. The primary difference             
is that MIRA is project-oriented, unlike the other tools that are primarily subject- oriented;              
because of this, MIRA provides more flexibility that is required by multidisciplinary or             
interdisciplinary research fields like MI research. Further, other mentioned tools are           
originally designed for human subjects, some even for particular regions of interest, for             
example, brain imaging; however, MI research involves a variety of subjects, for example,             
human, animal, phantoms, etc. Therefore, MIRA has the flexibility to add any kind of subject               
with their associated attributes. Furthermore, various MI modalities, (for example, PET,           
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SPECT, CT, MRI, Bioluminescence, Fluorescence, Raman, IVM, Ultrasound, etc.) produce          
different kinds of static and dynamic images, and thus, MIRA can deal with various kinds of                
images formats (for example, Analyze, DICOM, Nifty, Minc, TIFF, Shimazu, etc.) produced            
by such modalities. Moreover, MIRA can store and handle ​images generated from            
immunohistochemistry (IHC) slides and ​different kinds of files, including text, audio, and            
video files. Therefore, MIRA is flexible enough to store and view a large number of file                
formats that may be associated with a project, experiment, scan, and subject. ​Furthermore,             
MIRA have the facility to bulk import of data as zip upload which automatically extract data                
into MIRA. This feature is very efficient for importing image files from any image archiving               
system. Thus MIRA can be interoperable with existing CTMS or image informatics tools. 
 
Multicenter quality control of various equipment used in the MI field has become essential              
not only for clinical purposes, but also for regulatory requirements [57-59]. MIRA provides             
the infrastructure to manage and analyze quality control data that can be shared among the               
different facilities. Through such collaboration, MIRA can be used to build a centralized             
quality control data bank that could play a vital role for better clinical and regulatory               
management as well as for the advancement of MI research. In this manner, a standard               
practice guideline for quality control of MI could be established ensuring quality service as              
well as quality research.  
 
MI involves human subjects at various stages of research and clinical application; therefore,             
the proper management or abstraction of personal information is a critical issue [60-62].             
Therefore, ​anonymization is essential in the cases where personal information is associated            
with a dataset Considering this, we have developed a separate module for anonymization             
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within MIRA; however, it is currently applicable only for DICOM datasets because DICOM             
datasets primarily integrate subject's personal information more specifically compared with          
other image datasets. ​In MIRA ​Users usually upload medical image files within experimental             
runs. Using the anonymizing feature users can remove personal information from uploaded            
DICOM image datasets. ​De-definition of PHI level setting is also important for effective             
handling of subject dataset for multicenter data sharing, especially in the case of collaborative              
clinical research. However, it is considerably difficult to build a unique or generic             
anonymization or de-definition level setup tool because regulations regarding privacy or           
protection of personal information vary depending on the nation [61]. MIRA is considering to              
build a customisable de-definition of PHI level setup module in the near future so that it                
could satisfy various nations regulations.  
 
The importance of a laboratory notebook is well-established among the researchers. ​In            
modern times, researchers use ELNs rather than paper-based laboratory notebooks; ​this is            
because, aside from the everyday use of an ELN for documenting ​research​, experiments, and              
procedures performed in the laboratory, it is often maintained as a legal document and may               
be used in a court of law as evidence for cases like patent prosecution and intellectual                
property litigation. ​Furthermore, as previously mentioned, knowledge management is crucial          
for a multidisciplinary or interdisciplinary research organization because knowledge drain          
might occur without appropriate knowledge management. MIRA as ELN not only helps            
researchers organize their research, but also helps an organization in effective knowledge            
management.  
 
The choice of programming language in terms of ​ease of learning, flexibility, security​,             
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availability of free libraries, and availability of a reliable user community is an important              
issue in the development of an open-source web application. Considering the above            
mentioned selection criteria, there are several popular programming languages for web           
application development that satisfy these requirements, namely, Java, ​PHP, Ruby, Perl, and            
Python. ​However, Python is being increasingly used as scientific programming language           
because of a considerable number of freely available, open-source scientific libraries,           
including, but not limited to, SciPy for scientific computation, NupPy for efficient array             
manipulation, matplotlib for ​extensive plotting routines, scikit-image and PyBLD for          
advanced image processing [52], scikit-learn for state-of-the-art machine learning, and PyMC           
for Bayesian modeling [63]. Furthermore, fast and free access to some of the most advanced               
image segmentation and registration algorithms are available through Python builds of a            
toolkit, Insight Segmentation and Registration Toolkit (ITK) [63]. Therefore, we have           
selected Python for the development of MIRA using many of the abovementioned libraries.  
Future direction and summary 
Future Direction  
The motivation behind the development of MIRA is not only to address the demands of the                
MI research field, but also to fulfil the requirements of other multidisciplinary or             
interdisciplinary research fields. The open-source approach is selected so that developers and            
researchers can design and develop systems based on MIRA for their area of research.              
Because MIRA focuses on the MI research field where ​images are the leading part of               
research, image analysis facilities, such as dynamic view of entire scans; image views from              
all directions; masking, cropping, and clearing of the image dataset; smoothing of images for              
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lesion detection and radiological assessment; fusion by blending and overlay; and statistical            
analysis will make MIRA more attractive to researchers as well as to clinicians. Further, we               
are considering building an individual flexible anonymization feature so that anonymization           
could be customized based on the regulations of different nations. 
Summary  
The ELN features along with image informatics tools and well-organized scientific data            
management facilities make MIRA an excellent tool not only for multidisciplinary or            
interdisciplinary MI research, but also for quality control of MI equipment. In addition, the              
centralized approach and web-based access features allow it to be used as a national or               
international multicenter collaborative research framework, which could result in rapid          
achievement of scientific outcomes as well as better patient care. Finally, the open-source             
approach along with the power of the Python programming language allows for continued             
sustainable development of MIRA to not only make it more attractive to MI researchers, but               











Appendix-3: Volumetrically Normalized Images  
Overlay of normalized dynamic images of individual subject’s base and load cases and             
normalized average image of reference subject (3D PET image) are shown in the following              
figures, where all PET images were volumetrically normalized with respect to the reference             
subject’s MR image. These overlays are represented separately for right and left kidney. All              
the overlays were created using Amide software and following figures were the screenshots             
of series view of the overlays.  
 
 
Overlay of subject-2 dynamic 2D PET image in MR space load & rest cases and the reference 
subject’s average 3D PET image in MR space.   
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Overlay of subject-7 dynamic 2D PET image in MR space load & rest cases and the reference 
subject’s average 3D PET image in MR space.  
 
 
Overlay of subject- 8 dynamic 2D PET image in MR space load & rest cases and the 
reference subject’s average 3D PET image in MR space.  
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Overlay of subject-9 dynamic 2D PET image in MR space load & rest cases and the reference 




Overlay of subject-3 dynamic 2D PET image in MR space load & rest cases and the reference 




Overlay of dynamic 2D PET image in MR space load & rest cases of subject-6 for 2DPET 




Overlay of dynamic 2D PET image in MR space load & rest cases of subject-5 for 2DPET 




Overlay of dynamic 2D PET image in MR space load & rest cases of subject-6 for 2DPET 





Overlay of reference subject’s ( subject-1 for 3DPET and subject-7 for 2DPET)  dynamic 3D 
PET image in MR space load & rest cases and the reference subject’s average 3D PET image 




Overlay of dynamic 3D PET image in MR space load & rest cases of subject-3 for 3DPET 
and the reference subject’s average 3D PET image in MR space 
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Appendix-4: ​15​O Water Parametric Images 
15​O water kinetic parametric (K​1​, k​2 and V​a​) images of normalized dynamic images of              
individual subject’s base and load cases are shown in the following figures, where all PET               
images were volumetrically normalized with respect to the reference subject’s MR image and             
parametric images are created using the BFM.  
K​1​ Parametric Images (maximum 4 ml/min/g) 
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k​2​ Parametric Images (maximum 8 /min) 
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V​a​ Parametric Images (maximum 0.5 ml/ml) 
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